Abstract. The aim of this study was to evaluate Staphylococcus sp adhesion to modified surfaces of anodized titanium alloy (Ti-6Al-4V). Surface modification involved generation of fluoride-containing titanium oxide nanotube films. Specimens of Ti-6Al-4V alloy 6-4 ELIgrade 23-meets the requirements of ASTM F136 2002A (AMS 2631B class A1) were anodized in a mixture of sulphuric/hydrofluoric acid at 20 V for 5 and 60 min to form a 100 nm-thick porous film of 20 nm pore diameter and 230 nm-thick nanotube films of 100 nm in diameter. The amount of fluorine in the oxide films was of 6% and of 4%, respectively. Collection strains and six clinical strains each of Staphylococcus aureus and Staphylococcus epidermidis were studied. The adherence study was performed using a previously published protocol by Kinnari et al. The experiments were performed in triplicates. As a result, lower adherence was detected for collection strains in modified materials than in unmodified controls. Differences between clinical strains were detected for both species (p<0.0001, Kruskal-Wallis test), although global data showed similar results to that of collection strains (p<0.0001, Kruskal-Wallis test). Adherence of bacteria to modified surfaces was decreased for both species. The results also reflect a difference in the adherence between S. aureus and S. epidermidis to the modified material. As a conclusion, not only we were able to confirm the decrease of adherence in the modified surface, but also the need to test multiple clinical strains to obtain more realistic microbiological results due to intraspecies differences.
Introduction
The use of prosthetic joints have been a great advance in orthopaedic surgery. The number of hip and knee arthroplasties has been constantly increasing, with nearly 800.000 of such procedures performed in the United States of America during 2006 [1] .
Complications appear in almost 10% of the cases, of which infections play a major role due to significant clinical impairment which entails a great cost to the public health system. Even though only a small percentage of the arthroplasties end in infection, between 0.8 % and 1.9% for knee and between 0.3% and 1.7% for hip, the severity of the problem and the long and difficult management of the affected patients is of great relevance [1] .
Causal microorganisms includes a broad spectrum of species, and it depends on the type and location of the prosthesis, elapsed time after the surgery and risk factors of the patient.
Staphylococcus (Staphylococcus aureus and coagulase-negative Staphylococcus species) accounts for more than half of the prosthetic-hip and prosthetic-knee infection cases, and Staphylococcus epidermis and S. aureus have been isolated from infected biomaterial surfaces in several studies [1] [2] . While S. aureus is a known virulent pathogen, S. epidermidis is usually a nonpathogenic, commensal, human skin saprophyte, and has emerged as a common pathogen in biomaterial-related infections [2] .
Environment, bacterial characteristics, material surfaces, and serum or tissue proteins are the main factors influencing biomaterial-related infections [3] [4] . Interactions between bacteria or tissue cells and substratum surface depend greatly on the surface and near surface atomic structure and composition of biomaterials. Biomaterial surfaces may be modified in order to improve compatibility and tissue integration and to resist microbial colonization in the "race for the surface" [2] . This concept suggests that there is a race between tissue cell integration and bacterial adhesion to that same surface. If the race is won by bacteria, the complex process of bacterial adhesion begins [2] . This is described in a two phase phenomenon, which includes an initial instantaneous and reversible physical phase and an irreversible molecular and cellular phase [3] .
Titanium implants are usually employed in many biomedical applications such as orthopaedic implants. There are many surface coatings, such as adhesion-resistant coatings and those containing antimicrobial agents. Fluorine is an inorganic antimicrobial agent that has been introduced into titanium, but it has not yet been studied in depth [4] . The purpose of this work is to evaluate the bacteria adhesion after surface modification of Ti-6Al-4V to increase the stability of the surface by means of Fluoride incorporation.
Materials

Surfaces treatment of Ti-6Al-4V.
A 18 mm diameter rod of Ti-6Al-4V alloy ELI grade, according to the standard ASTM F136-02, supplied by SURGIVAL was cut into 2 mm thick disk specimens, ground through successive grades of SiC paper to 1200 grade. The specimens were then chemically polished in a mixture of HF:HNO 3 :H 2 O with volume ratio 1:4:5 for 5 min at room temperature under continuous agitation.
Nanotubes were formed in a two-electrode cell by anodizing the specimens at 20 V in a electrolyte containing H 2 SO 4 and HF for 5 and 60 min according to the patent described elsewhere [5] . Platinum mesh was used as a cathode. Voltage-time and current-time responses of anodizing were acquired at 0.1 Hz sampling rate using a zero-resistance ammeter.
Electrochemical measurements were performed using Gamry Reference 600 potentiostat and a conventional three-electrode cell, comprising a tested specimen with an exposed area of 0.5 cm2 as a working electrode, silver chloride reference electrode and a platinum counter electrode. All the tests were carried out in a naturally aerated phosphate buffer solution (NaCl 8.77 g/l, Na 2 HPO 4 1.28 g/l, KH 2 PO 4 1.36 g/l, pH 7.2-7.4) at 37oC. Cyclic potentiodynamic polarisation tests were carried out at a sweep rate of 0.16 mVs−1 from an initial potential of −0.4 V, with respect to the reference electrode, to 3.0 V when the scan was reversed.
The morphology of anodic layer has been evaluated by means of a Field Emission gun-scanning electron microscopy, FEG-SEM, and the qualitative analysis of the surfaces was performed by Energy Dispersive X-ray Spectroscopy (EDS).
Bacteria.
In order to carry out the microbiology experiment we have made use of two collection strains and six clinical strains. These collection strains were S. aureus 15981 [6] and S. epidermidis ATCC 35984. The collection strains are transformed cell lines, which are adapted to culture and maintain in the laboratory for long periods [7] . The clinical strains for S. epidermidis were P6, P33, P53B, P55, P74 and P101, while for S. aureus were P1, P2, P4, P18, P61T3 and P95. The clinical strains are bacteria that have been isolated by a sonication procedure [8] in the microbiology lab of the hospital Fundación Jiménez Diaz from patients who have had a biomaterial infection. 
Experiments
The staphylococcal adhesion experiments to the collection and clinical strains to modified and unmodified discs of Ti-6Al-4V was performed following the protocol developed by Kinnari et al [9] . We have employed S. aureus and S. epidermidis collection and clinical strains for these experiments.
The experiments begins with a bacterial culture that was grown for 24 hours in TSB (Tryptic Soy Agar). After culture, bacteria is harvested by 10 min at 3500 rpm at 22 º C. Supernatant is discarded and the pellet is washed three times with sterile PBS (Phosphate buffered saline). Bacteria is suspended and diluted in PBS with a 10 8 CFU/ml bacterial inoculum, which is incubated with discs of different modified surfaces of anodized titanium alloy (Ti-6Al-4V) during 90 minutes at +37ºC to allow adhesion. After incubation, discs are washed three times with PBS to remove unattached bacteria. Finally, discs are stained during 2 min with acridine orange and rinsed with water. Eight photographs (40 X magnification) in a fluorescence microscope for each disc are made. The surface area covered with adhered bacteria is calculated and studied by using ImageJ software (National Institute of Health Bethesda, MD), which allowed to calculate the mean percentage of biomaterial surface covered by each bacteria. The statistical analysis is performed using EPI-INFO software. The experiments are performed in triplicate for each collection strain.
First experiment.
The adhesion to the collection strains to modified and unmodified discs of Ti6Al-4V was performed following the above described protocol. We have used S .aureus 15981 and S. epidermidis ATCC 35984 for this experiment.
Second experiment.
The adhesion of six clinical strains for S. aureus : P1, P2, P4, P18, P61T3 and P95 and six for S. epidermidis : P6, P33, P53B, P55, P74 and P101 to modified and unmodified discs of Ti-6Al-4V were performed following the same protocol. The experiments were performed in triplicate for each clinical strain.
2.3.3.Third experiment.
The adhesion of collection strains of S .aureus and S. epidermidis to discs of Ti-6Al-4V anodized with in H 2 SO 4 /HF and discs of Ti-6Al-4V anodized with H 2 SO 4 acid was performed following the described protocol.
Statistical analysis.
The statistical study was performed using EPI-INFO software version 3.5.1 (CDC, EE.UU.). The results obtained were presented comparing the mean percentage of covered biomaterial surface for discs of Ti-6Al-4V, discs of Ti-6Al-4V anodized with H 2 SO 4 /HF for 5 min and discs of Ti-6Al-4V anodized with H 2 SO 4 /HF for 60 min. In order to carry out the statistical study, non-parametric tests were performed. When more than two samples were employed, the Kruskal-Wallis test was carried out, whereas for two samples, the Mann-Whitney test was used.
Results
Results of materials.
The morphology of the anodic oxide layer grown in the H 2 SO 4 /HF anodising electrolyte varies depending on the anodising time. For the specimens treated for 5 minutes, the surface shows a nanotubular oxide film of 20 nm in diameter, approximately, while for longer anodizing times, 60 minutes, the nanotubes show about 100 nm in diameter and approximately 30 nm inter-spacing Figure1-2. The qualitative compositional analysis performed by EDS revealed fluorine content of 4 at % and 6 at % for the specimens treated for 5 and 60 minutes, respectively. The stability of the treated and untreated titanium surfaces were evaluated by potentiodynamic curves in PBS solution at 37ºC.The polarisation curves of chemically polished Ti-6Al-4V revealed a typical passivation behaviour with a corrosion potential of the forward scan of -0.414 V, passive current of 0.38 A cm -2 and breakdown potential of the passive film of ~1.8 V (Fig. 2) . Similar values have been describe in literature, 1.9 V, for mechanically polished Ti-6Al-4V in Hank's solution at 37 o C [10] . This breakdown potential is followed by steep current increase, associated with the pitting development. Subsequently, the reverse scan occurs at lower current densities, ~7.6 nA cm -2 . Very similar response was obtained for nanotube film formed for 60 min with slightly reduced hysteresis loop and positive shift of the corrosion potential by 0.11-0.12 V. The breakdown potential and passive current of the forward scan were ~1.87 V and 0.13 A cm -2 , respectively. The passive current of the reverse scan was 1.2 nA cm -2 . Such similarity of the electrochemical responses indicates that electrolyte might penetrate through the inter-space of the nanotube walls reached the titanium substrate. The 5 min treatment nanotube film revealed the most stable passive behaviour, with a passive current density of 2 nA cm -2 and corrosion potential of 0.41 V; up to 3.25 V no pitting formation was observed. 
Results of adhesion of collection strains
The figure 3 shows the mean percentage of covered surface by S. aureus 15981 and S. epidermidis ATCC 35984 to discs of Ti-6Al-4V and discs of Ti-6Al-4V anodized with H 2 SO 4 /HF for 5 min and discs of Ti-6Al-4V anodized with H 2 SO 4 /HF for 60 min. These results show that the S. aureus adhesion is lower than S. epidermidis to modified and unmodified material. There are statistically significant differences between the behaviour to the two modified materials, for S. aureus the 5 and 60 minutes anodized disc, (both p<0.0001, Kruskal-Wallis test ) and for S. epidermidis the 5min (p= 0.0001, Kruskal-Wallis test) and the 60 min anodized disc (p<0.0001, Kruskal-Wallis test) when compared to the unmodified material. There are no statistically significant differences among species when dealing with the disc of Ti-6Al-4V (p<0.1293, Kruskal-Wallis test). There are statically significant differences among species when testing the modified surface for 5 min (p=0.0001, Kruskal-Wallis test) and for 60 min (p<0.0001, Kruskal-Wallis test).
Results of adhesion of clinical strains.
The figures 4 and 5 show respectively the mean percentage of covered surface by six clinical strains of S. aureus and six clinical strains of S. epidermidis to disc of Ti-6Al-4V and discs of Ti-6Al-4V anodized with H 2 SO 4 /HF for 5 min and discs of Ti-6Al-4V anodized with H 2 SO 4 /HF for 60 min. We can see there is variability in the results among the strains of the same specie when comparing the covered surface for modified and unmodified discs of Ti-6Al-4V, both for S. epidermidis and S. aureus. There are differences in the adhesion between each strain of S. aureus. The P61T3 and P95 strains of S .aureus present a greater variability of covered surface when compared with the other strains. The P1 and P2 strains present a lower adhesion to modified material for 5 min when compared with the modified material for 60 min. The P1, P2 and P4 strains present a greater adhesion to modified material for 60 min than when compared with the P18, P61T3 and P95 strains Figure 4 . There are statistically significant differences in the covered surface for the six clinical strains of S. aureus when comparing the modified material for 5 min and 60 min with the unmodified material (p<0.0001, Kruskal-Wallis test), however there are no statically significant differences when comparing the modified material for 5 min with the modified material for 60 min. S. epidermidis presents a smaller difference between the adhesion to modified and unmodified material compared with S. aureus. The main difference in the adhesion of S. epidermidis is found for the modified material for 5 min, while the modified material for 60 min presents, for P101 and P33 strains of S. epidermidis, a greater adhesion than for that of modified material for 5 min. The adhesion of bacteria to modified surfaces was decreased for the collection and clinical strains of both species. S. epidermidis had greater adhesion to both modified and unmodified material than S. aureus. There are statistically significant differences in both species adherence to modified and unmodified materials. The results also reflect a difference between both species in the adherence to the 5 min and 60 min modified material. The discs of Ti-6Al-4V following the anodizing process with H 2 SO 4 /HF for 5 min show a lower adhesion for all the strains of both species. The results obtained could have a clinical application in decreasing the infection risk of patients receiving an implant.
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